Wheat (Triticum aestivum L. cv Etoile de Choisy) microsomes catalyzed the cytochrome P-450-dependent oxidation of the herbicide diclofop to three hydroxy-diclofop isomers. Hydroxylation was predominant at carbon 4, with migration of chlorine to carbon 5 (67%) and carbon 3 (25%). The 2,4-dichloro-5-hydroxy isomer was identified as a minor reaction product (8%). Substrate-specificity studies showed that the activity was not inhibited or was weakly inhibited by a range of xenobiotic or physiological cytochrome P-450 substrates, with the exception of lauric acid. Wheat microsomes also catalyze the metabolism of the herbicides chlorsulfuron, chlortoluron, and 2,4-dichlorophenoxyacetic acid and of the model substrate ethoxycoumarin, as well as the hydroxylation of the endogenous substrates cinnamic and lauric acids. Treatments of wheat seedlings with phenobarbital or the safener naphthalic acid anhydride enhanced the cytochrome P-450 content of the microsomes and all related activities except that of cinnamic acid 4-hydroxylase, which was reduced. The stimulation patterns of diclofop aryl hydroxylase and lauric acid hydroxylase were similar, in contrast with the other activities tested. Lauric acid inhibited competitively (K; = 9jMm) the oxidation of diclofop and reciprocally.
competitively (K; = 9jMm) the oxidation of diclofop and reciprocally.
The similarity of diclofop aryl hydroxylase and lauric acid hydroxylase was further investigated by alternative substrate kinetics, autocatalytic inactivation, and computer-aided molecular modelisation studies, and the results suggest that both reactions are catalyzed by the same cytochrome P-450 isozyme.
other crop species (14) and that these reactions can enable certain crop species to tolerate a herbicide.
It is well established that mammalian cytochrome P-450 systems exhibiting broad and overlapping substrate specificity may be rapidly induced by exposure to various xenobiotics, which leads to increased capacity to detoxify these compounds (6) . It is believed that these Cyt P-450 forms evolved under the pressure of the wide range of toxic compounds present in the diets of mammal (6) . In plants, the induction of Cyt P-450-dependent metabolism of xenobiotics has been reported (4, 5, 12, 15, 25) , but there is no evidence that these reactions are catalyzed by enzymes exhibiting broad and overlapping substrate specificity. To the contrary, the approximately 30 Cyt P-450 monooxygenase reactions already described in plants show very narrow substrate specificity (3) .
We have recently characterized a xenobiotic-inducible Cyt P-450 from wheat microsomes that catalyzes the aryl hydroxylation of diclofop, a herbicide selective for this crop (25) . Here, we further report on the regiospecificity and substrate specificity of this enzyme. We show that this diclofop-metabolizing activity is similar to a new LAH3 from wheat (26) . Therefore, for the first time, we report a relationship between a Cyt P-450 oxygenase involved in a defined physiological reaction and the ability to metabolize a xenobiotic.
The pharmacological and physiological significance of the Cyt P-450-mediated metabolism of foreign compounds in mammals has attracted considerable interest for many years (17) . By comparison, the metabolism of xenobiotics by Cyt P-450 in plants is much less documented, because few laboratories have been successful in isolating active Cyt P-450 from plants (3) . However, there is mounting evidence that Cyt P-450 reactions are responsible for the detoxification of certain herbicides in wheat (12, 15, 25) , maize (4, 5, 13) , and ' 
Preparation of Microsomes
Approximately 25 g of wheat shoots (1-2 cm) were harvested and homogenized with an Ultra-turrax (8000 rpm, 30 s) in 100 mL of 0.1 M Na-phosphate buffer (pH 7.4) containing 250 mm sucrose, 40 mm ascorbate, 15 mm 2-mercaptoethanol, and 125 mg soluble PVP (buffer A). The homogenate was filtered through 50-,um blutex cloth and centrifuged for 15 min at 10,000g. The resulting supematant was centrifuged for 45 min at 100,000g. The microsomal pellets were resuspended in 0.1 M Na-phosphate (pH 7.4) containing 1.5 mm 2-mercaptoethanol and 30% (v:v) glycerol, homogenized with a Potter-Elvehjem homogenizer, and stored at a final protein concentration of 2.0 to 3.5 mg/mL at -800C. All enzyme extraction and centrifugation procedures were conducted at 40C.
Enzyme Assays DIAH was measured by following the rate of hydroxylated product formation. The standard assay contained, in a final volume of 0.25 mL, 0.14 to 0.21 mg of microsomal proteins, 0.1 M Na-phosphate (pH 7.4), 0.6 mm NADPH, 6.7 mM glucose-6-phosphate, 0.4 units of glucose-6-phosphate dehydrogenase, and 100 tM [2,4- 
Inhibition and Inactivation Studies
The standard assay contained 20 lsM diclofop. The compounds to be tested, dissolved in ethanol, were added to give final concentrations from 5 to 80 ZlM. The apparent I50 were estimated using a linear regression analysis program. Each value is the mean of triplicates.
Enzyme inactivation was measured by preincubating microsomes at 280C during 8 min with 1 1-DDNA (20 FM) and 1 mM NADPH. The reaction mixture was then diluted 10 times with buffer containing 110 tM [1-14C] The data was fitted on the equation (Eq. 1) for alternative substrate kinetics (2) using a nonlinear regression program written in PASCAL and run on a IBM-PC computer. The lines in Figure 2 represent computer calculation fitting this model. The points are the means of triplicates, and for each point the calculated SD was introduced as a weight into the model.
VA + VB = (VmaXA X SA/KmnA + VmaxB X SB/KmB)/(1 + SA/KmA + B/KmB) (1) Computer-Aided Molecular Modeling
The structure of the compounds was modeled with the SYBYL 5.3 tridimensionnal infographic analyzing system (Tripos Associates Inc., St. Louis, MO). The systematic search method followed by minimization yielded the more stable configuration of diclofop (Fig. 2) . Superimposition of the carboxylic functions of diclofop and lauric acid, and of Cll of lauric acid with C4 of the 2,4-dichlorophenoxy moiety of diclofop, was imposed.
RESULTS AND DISCUSSION Inhibition Studies
Wheat varieties that are tolerant to herbicides such as diclofop, chlorsulfuron, 2,4-D, or chlortoluron are capable of rapidly degrading them by oxidation (12, 15, 21, 25) . These oxidation reactions are catalyzed by Cyt P-450 in the case of the aryloxyphenoxypropionate herbicide diclofop (12, 25) and the phenylurea herbicide chlortoluron (15) . A major unanswered question is whether a single enzyme is responsible for this herbicide metabolism or whether there are separate enzymes acting on different chemicals (7) . In the case of DIAH, the very low Km of the enzyme for diclofop and the Michaelian substrate saturation kinetics described in our previous study (25) suggest that a single Cyt P-450 isozyme is involved in the reaction. To determine the substrate specificity of the wheat enzyme, we studied the interaction of structural analogs of diclofop ( Fig. 1) and of other known or putative Cyt P-450 substrates with the DIAH activity ( Table I) .
Effect of Diclofop Acid Analogs
The methyl ester of diclofop was found to be a poor inhibitor of DIAH (Table I) [1] [21 [3] [41 Figure 1 . Chemical structures of diclofop-methyl [1] , fluazifop [2] , haloxyfop [3] , and diclofenac [4] .
hindrance. Since haloxyfop and fluazifop have the same mode of action as diclofop (11) , the sensitivity of wheat toward these herbicides may be explained by the inability of Cyt P-450 to oxidize them. It is interesting that diclofenac, an anti-inflammatory drug inhibiting the biosynthesis of prostaglandins by competing with arachidonate (22) , was found partially to inhibit DIAH activity.
Physiological Cyt P-450 Substrates
The effects of various endogenous substrates on DIAH activity are shown in Table I . Because a negative charge appeared important for substrate recognition (see above), we tested several acids known to be Cyt P-450 endogenous substrates in plants (3) . Capric, lauric, myristic, and cinnamic acids can be hydroxylated in wheat (26) and a wheat Cyt P-450 enzyme (LAH) has been shown to be responsible for lauric acid hydroxylation (26) . Table I To explore whether DIAH is implicated in the metabolism of other herbicides or whether different enzymes are acting on these compounds, we have checked the interaction of various herbicides and other xenobiotics with DIAH activity. These compounds, which are suspected on the basis of in vivo studies to be metabolized by Cyt P-450 in wheat or in other materials, appeared at best to be very weak inhibitors of DIAH (Table I ), suggesting that they are metabolized by other Cyt P-450 isozymes or other types of oxidizing enzymes. (Table II) . A much greater stimulation of enzyme activity occurred when PB and NA were combined. For example, the oxidation of 2,4-D, which is too low to be detected in microsomes from untreated seedlings, became measurable (Table II) . Cyt P-450 was increased to 0.5 nmol/ mg, one of the highest contents so far recorded in plants.
Further evidence of the similarity between DIAH and LAH is provided by their induction patterns, which appeared closely parallel and more related than those of the other activities. CTU-OX was strongly enhanced by the combined treatment, whereas ECOD was barely stimulated. These results suggest that different Cyt P-450 isozymes are involved in the oxidative detoxification of herbicides in wheat.
Regiospecificity of DIAH
Wheat microsomes catalyzed predominantly the formation of three hydroxylated metabolites of (2,4-dichlorophenoxy)diclofop coeluting with authentic (2,5-dichloro-4-hydroxyphenoxy)diclofop (Fig. 2, peak A) , (2,3-dichloro-4-hydroxyphenoxy)diclofop (peak B), and (2,4-dichloro-5-hydroxyphenoxy)diclofop (peak C) in RP-HPLC. These isomers can be produced from pure (2,4-dichlorophenoxy)diclofop via the formation and spontaneous rearrangement of a unique arene oxide intermediate by a mechanism known as NIH Shift (8, 23) . Arene oxide formation and the resulting NIH Shift are typical of Cyt P-450-mediated aromatic hydroxylation (17) . The relative amounts of the different isomers formed were 67, 24.7, and 8.3% for A, B, and C, respectively, and were found to remain constant under all induction or inhibition conditions described in this study.
This distribution differs, however, from that described in vivo by Tanaka and coworkers (A = 55%, B = 21%, and C = 24%) (23) . This difference could be explained by the involvement of more than one type of enzyme or Cyt P-450 isozyme in the hydroxylation of diclofop in vivo. However, the method employed by Tanaka shown). Therefore, the protocol used in the in vivo study would artificially enrich the isomer bulk in isomer C. It is thus not excluded that the regioselectivity described in this study reflects the activity of a unique Cyt P-450 isozyme. Some Cyt P-450 enzymes are known to be highly regioand stereospecific (17) . Differences in specificity are often used to demonstrate the involvement of more than one Cyt P-450 isozyme in the metabolism of a compound. In plants, the effects of inducers have clearly established the existence of multiple forms of Cyt P-450 and their differential induction by xenobiotics (3). If different isoforms are implicated in the metabolism of diclofop, the inhibition of the enzyme or the treatment of wheat with different inducers could alter the regiospecificity of hydroxylation.
Identity of DIAH and LAH
As LAH and DIAH show very similar patterns of inhibition (Table I ) and induction (Table II) , we have further explored the similarities between these two activities by kinetic studies and enzyme inactivation studies. The structural similarity of both substrate was studied by computer-aided molecular modeling to test the possibility of both compounds fitting in the same catalytic site. Equations describing the kinetics of one enzyme reacting with two alternative substrates have been developed by Cha (2) . Measuring both LAH and DIAH activities in the same assay and fitting the data to this kinetic model by nonlinear regression analysis (Fig. 3) clearly indicated that both reactions may be catalyzed by the same isozyme. If, alternatively, the two compounds were substrates of different enzymes, the lines in Figure 3 would not intersect on the ordinate (9).
The following kinetic parameters were determined: Km for diclofop, 5 
Computer-Aided Molecular Modeling
Regiospecificity studies clearly showed that position 4 in the dichlorophenyl moiety was by far the predominant site of hydroxylation (82%) of diclofop by DIAH. Our studies also showed that the negative charged carboxyl end of diclofop is important for effective binding at the active site. Furthermore, a size constraint at the 4-chloro position is shown by the lack of inhibition observed with haloxyfop and fluazifop, two diclofop analogs sharing a CF3 in this position (Table I) DIAH than capric and myristic acids, it is likely that lauric acid has the optimal size for binding at the DIAH active site. Thus, taking into account these features, we have modeled the structure of diclofop and superimposed lauric acid. Figure  4 shows that the conformations and hydroxylation positions of both substrates are compatible with binding and catalysis by the active site of one isozyme. Furthermore, the terminal methyl group of lauric acid, which superimposes with the chlorine at C4 from diclofop, has a similar Van 
CONCLUSION
It is commonly assumed that the animal Cyt P-450 isoforms with broad substrate specificity that metabolize foreign chemicals have appeared under the pressure of plant secondary metabolites present in their diet. In plants, it is more likely that the metabolism of xenobiotics by Cyt P-450 reactions is the result of structural similarities between the xenobiotic and physiological substrates of Cyt P-450 isozymes that serve other, still undefined roles in plant metabolism.
In the present study, we show that microsomes from NA and PB pretreated wheat seedlings actively catalyze the NADPH-dependent oxidative metabolism of chlorsulfuron, 2,4-D, chlortoluron, and ethoxycoumarin. The Cyt P-450-dependent oxidation of chlortoluron in wheat cell suspension cultures has also been described by Mougin (15) . Ethoxycoumarin, a model substrate representative of the Cyt P-450 xenobiotic-metabolizing system in mammals, is dealkylated by such an enzyme in Jerusalem artichoke and wheat (24) . There is evidence (to be published) that the oxidation of 2,4-D and chlorsulfuron are also catalyzed by Cyt P-450. The different patterns of induction and inhibition of these activities is indicative that several distinct Cyt P-450 species are involved in these reactions.
The hydroxylation of diclofop appears to be mediated by a single Cyt P-450 isoform with narrow substrate specificity because (a) the activity exhibits Michaelian kinetics, (b) several induction and inhibition conditions do not modify the ratio of the three isomeric reaction products, and (c) with the exception of lauric acid, none of the known or supposed substrates of the wheat-oxidizing system interfered with DIAH activity.
Although definite proof of the identity of LAH and DIAH may only be provided by studies with purified enzyme fractions, our results strongly suggest that DIAH is identical to a new lauric acid (w-1)-hydroxylase that we recently characterized in wheat microsomes: (a) both activities have similar Km values for lauric acid and diclofop and these compounds competitively inhibit the hydroxylation of each other with nearly identical Ki values; (b) they are induced by the same inducers with similar kinetics; (c) 1 1-DDNA, a suicide-substrate of laurate hydroxylases, produced comparable inactivation of both activities; (d) the reaction kinetics in presence of both substrates are consistent with an interaction on a single enzyme; and (e) both substrates may assume low energy conformations compatible with their binding to and oxidation by a single enzyme. It is interesting to note that microsomes from other organisms we tested (rat liver, fish liver, and Drosophila) that carry (w-1)-LAH activity are able to metabolize diclofop (to be published). The level of DIAH activity in these microsome preparations was closely related to the (w-1)-LAH activity level. Furthermore, plants that do not exhibit (w-1)-LAH activity do not metabolize diclofop despite high LAH activities. Kobek (10) has recently shown that metabolism through aryl hydroxylation is the basis of diclofop resistance in red fescue (Festuca rubra). We performed GC-MS studies that show that red fescue microsomes hydroxylate lauric acid at C11 (to be published).
